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Why rare & exotic Higgs decays? 


CERN Yellow Reports: Monographs CERN-2017-002-M 
Volume 2/2017 


[...] among the SM particles the Higgs is unique in its 
sensitivity to new physics. The tiny SM width of the 
Higgs [~4 MeV] [...] combined with the ease with which 
the Higgs can couple to physics beyond the SM (BSM), 
make exotic decays of the SM Higgs a natural and often 
leading signature of a broad class of theories of physics 
beyond the SM. Within the SM, the observation of rare хаша кыс 
exclusive decay modes involving mesons would provide 

either confirmation or disproof of the SM origin of mass 
for light quarks, which would otherwise remain out of 
reach at the LHC. 


Report of the LHC Higgs Cross Section Working Group 
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Why rare & exotic Higgs decays? 


e Connecting to a Hidden sector 


Assuming only renormalizeable terms in the 
Lagrangian there are only a handful of ways to 
make this connection! Potential access to Dark 
matter or other new physics in colliders 


ф ф S S Higgs portal 


Energy scale 


Hidden sector ф [, LU, Neutrino portal 


V 
F uv Е 15 Vector and Axion portal 


Nikolaos Rompotis Moriond QCD — March 2023 — La Thuille 3 


LIVERPOOL ” КЕККЕ 
Higgs to “other particles” 


* Is there space for Higgs to decay to other particles given 
the so many measurements that have be done already? 


e Answer: yes, plenty of space: ATLAS & CMS look for Higgs 
to invisible or undetected 


8F 
E -E ATLAR 4 — Observed 

One way to do that would be to consider the Higgs АШ: ЕЕ и nom 
coupling measurements and then see how much BE | 
space is left for “left-out” decays (“undetected”) 5- 

—— — n — 
9596 CL limits on Higgs to undetected: dr 

2r 
ATLAS: «1296  arXiv:2207.00092 mm mm 
CMS: «1696  arXiv:2207.00043 D“ 00 01 015 02 
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Higgs to invisible 


* Direct searches for Higgs to invisible in ATLAS/CMS 


ATLAS:arXiv:2301.10731 


Latest combined results from ATLAS + CMS CMS: arXiv:2303.01214 


CMS ЕН with Н 5 inv in the fully hadronic 
channel is the latest channel 


CMS ttH categories SR В(Н > inv) = 0.10 138 fb-! (13 TeV) 
(a) VBF topology (b)Z+H topology (c) tfH topology шшш ti, single top mm tx Fw Total bkg. (S+B fit) unc. == VH —-— ин — Total bkg. (S+B fit) 
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ATLAS:arXiv:2301.10731 


CMS: arXiv:2303.01214 Higgs to invisible 


4.9 fb” (7 TeV), 19.7 fb! (8 TeV), 140 fb” (13 TeV) 
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ө Ho үү: Analysis arXiv:2212.09649 


Targeted final state: I| + y + MET 

- e*e or uty + isolated photon + МЕТ > 60 GeV 
- m(Il): 76 — 116 GeV, Ag(MET, pr(lly)) > 2.4 

- b-jet veto, « 3 jets 


Main backgrounds: VVy, fake MET, fake photons, top 


Signal extraction: BDT using 6 variables 
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Dark photons in Higgs decays 


arXiv:2212.09649 $^ FAMAS жш шшк 
ш 10° 329 Tov, Le 190 ш — ли 
1 60+ їїн, VH su. ZH(yy 
ы Н = YVa Results ui te Dim) 20 Gev 7: Zn 40 Gev 
10? 
"i 
10 
1 
Upper limits for BR(H->yya) around 3% if 
assuming m(y«) up to 40 GeV 10% 
| 
{5 = 13 TeV, L= 139 fo" PF ааа 3 
SR, ее+ци, Post-fit - 6 55 165 125 A 


mr(y, ET) [GeV] 


EE 10+ ATLAS — Observed 
(s = 13 TeV, L = 139 fb ---- Expected 
ZH, Hy. ШШ Expected + 16 


|... Expected + 2с 


9596 CL limit on BR(H^Yy ) [6] 


E 
10 1 10 — m, [GeV] 


BDT classifier response 
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Ho аа 
e The decay of the Higgs boson to two pseudoscalars 
appears in many BSM physics scenarios 


e Extended Higgs sections (2HDM, 2HDM+S, singlets), 
NMSSM, axion models, ... 


.... and has been extensively studied at the LHC 
* Here I will show you some recent results from CMS 


H > аа > 2т 2b 
Н > aa > 2u 2b HIG-22-007 


LIVERPOOL 71 .AILAS 
Н аа -> uubb and ttbb ed 


E 
CMS simulation — 
Preliminary 


P 
© 
1 


«Ho аа -> uubb 


> single or double muon trigger 
> mu: 14 – 70 GeV, о 

targeting signals with ma: 15—62.5 GeV 
> >2 jets b-tagged, MET < 60 GeV 5 
> Optimized requirement (corrected+decorrelated) 


(my, — My) XH = (My wb — 125) Ee -8 6 4 2 0 2 4 6 8 10 


(m, 6 


Expected yield @ 138 fb 


2 — y2 2 
tot = X“bb + X°H = - 
138 fb” (13 TeV) 


> 5 categories based on 


- : 3 CMS Preliminary 3 sE CMS Preliminary 
(b)-jet selection ЗЕ. m RE nue 
> Leading backgrounds: 2 ШШ Background-only fit B oí —— Background-only fit | |/ 
DY, top-pair production Š sE УВЕ Category p pm 
> Background estimated by | 
parametric fit - 
> Fit on my, to extract signal 7 4 
15 2 
10 i 
er ttt 
F 
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60 
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60 
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Н аа — uubb and ttbb HIG-22-007 


• H5 aa — ttbb 


> Triggers containing electron, muons or 
hadronic taus to select events for 3 final states: 
еп, ет, ит 

> >2 jets; 2 categories based on b-tagging 

* Deep neural net using kinematics to refine 
signal and control region definitions 

> Main backgrounds: 
2 тті, multijet, fake tau, top 

> Fit on visible mass m« to extract signal 


2-tag category, high DNN score 


138 fb” (13 TeV) 
CMS -+ Observed ШЕ] tt+jets 
Preliminary EM 2 [33 jet21, 
— m,=35GeV,B=10% 


Events/GeV 


Obs./Exp. 


Ma (GeV) 


2-tag category 138 fb” (13 TeV) 


CMS -4- Observed MM ti+jets 

Preliminary Eg 2 E jett 
EM Other — m,=35GeV,B=10% 
Г] Bkg. unc. 


Events/GeV 


Ө. 
ul 
8 
0 0.2 0.4 0.6 0.8 1 
| | ОММ $соге 
2-tag category, intermediate DNN score 
138 fb” (13 TeV) 
Э —- Observed [F] ti+jets 
9 [E Zr (jet, 
5 EM Other — m,=35GeV,B=10% 
ü 
g 
ш 
5 
O 


mx (GeV) 
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Н аа — uubb and ttbb HIG-22-007 


e Results 


e Branching ratio limits and an example of an interpretation 
plot 


CMS Preliminary 138 fb^! (13 TeV) 


-1 
x10° 138 fb'(13TeV)  _ 138 № (13 TeV) |. 10 I 
8 58 | m 104 5 
i зо Upper imie $ à T 5 2HDM+S type III (bbrr + bbyp) = 
pun Prelimina —e— Observed ч Eid — —- 95% CLonB(H-a;a;) = 100% E 
S жил ы Mocian expected 12 көн LZ 2 2 um op +++ 95% CL on B(Ha;a1) = 34% 
T 0.5 [08| 95% ехресіеа 1 Preliminary = 95% expected 8 T T: uu 
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Moriond QCD — March 2023 — La Thuille 12 


Nikolaos Rompotis 


LIVERPOOL ЕЛ AILAS 


Lepton-flavour violating Higgs decays 


* The Higgs sector is one of the best places to look for flavour 
violation, since it is less or only indirectly constrained 


e CMS search for H — eu for my: 110-160 GeV  HIG-22-002 
e ATLAS search for H + ет and H — рт arxiv:2302.05225 


CMS Preliminary 138 fb-! (13 TeV) 


99Н category 

шш Diboson ШШШ QCD mn EW W/Z, W+Jets, SM Higgs 
шш DY+Jets Cross Sec. @ Stat. 

a + H(125) 5 ey (B= 1.0%) 


CMS search for H — ep 


Events / 0.02 units 


> Signature: ей pair, AR > 0.3, ma: 100-170 GeV 
* categories based on jets: VBF and ggF 

> BDTs used in each category using kinematics to 
refine the categories 

> Fit the me, mass in each category using 
parametric function for the background 


6 оноо сце вво shyt * 
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Lepton-flavour violating Higgs decays 


HIG-22-002 
CMS search for H — ep 


> Results BR(H (125) - eu) < 4.4 (4.7 exp) x 10? at 95% CL 


For other masses: 2.8 sigma 


Sensitivity per channel excess at тн ~ 146 GeV 
a 54 e 
CMS Preliminary p a TA CMS Preliminar 138 fb” (13 TeV CMS Preliminary 138 fb (13 TeV) 
> 600 F ттт T T TTT | TTT T T ттт T T TTT T T T TT | TTT m ggHcatO roy 
О Е ¢ Data J 0.52 (0.81) x 104 -— 95% CL limits 
5 50! — Я 4 95% CL limi = 
g E S.B fit - ggHcatt ins Ф ——e— observed 
Ф Күү nes B component 4 . Observed 
d 400 2 0.84 (0.80) x 10 1 
к ШИ +i c - ШИШ Expected + 1c x ENS acidi Eig 
Ф В +2 c j ggHcat2 Б Expected + 2с 
Бу PE 1.40 (1.30) x 104 7 ШШ expected + 20 
2 Б о. 
ES 200 ggHcat3 a 
+ E 10.34 (6.97) x 10^ о 
o 
> 100 x c 
o Е - VBFcat0 О 
Ем A ора a а ОРЕЛ EM E 2.08 (1.72) x 10^ = 
£ 
VBFcat1 ux 
3.96 (3.25) x 10^ Oo 
Combined à 
0.44 (0.47) x 10% e 
Pio 115 120 125 130 135 140 145 150 155 160 


95% CL limit on B(H(125) eu) [x 10] my [GeV] 
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Lepton-flavour violating Higgs decays 


arXiv:2302.05225 


e ATLAS searches for H— іт Іп different channels: 


e Н етъ/ет and H > UTh/UTe 


* Two complementary techniques for background estimation: MC- 
template and Symmetry method 


e Selections optimized for several categories aiming at VBF and 
ggF production 


* BDT/NN for each category which is fitted to obtain the final result 


MC-template method Symmetry method 

> Background estimation is done using data- > Assumes that SM backgrounds are the same 
driven methods for events containing jets If you exchange electrons for muons, i.e. they 
misidentified as е/р/т are the same between the er, / ит„ datasets 

> Rest of backgrounds by simulation which is > But you need to correct for detector effects 
corrected or validated using dedicated control and fake rates that are different for electrons 
regions in data and muons 
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Lepton-flavour violating Higgs decays” 05225 


MC-template method: background modeling + final discriminant examples 
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Symmetry method: background modeling + final discriminant examples 
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Lepton-flavour violating Higgs decays 


1 POI fit: Search for 

Н ет assuming BR(H — рт) 
or for 

Н _ рт assuming BR(H- et) 


BR(H— et) < 0.23% (0.12% exp) 
BR(H ит) < 0.17% (0.0996 exp) 


2 POI fit: Simultaneous search for H — et and H ut 


ATLAS — Observed 

5 = 13 TeV, 138 fb" ШШ Expected: с 

2 POI |... Expected 20 
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arXiv:2302.05225 


ATLAS — Observed 

Үз = 13 TeV, 138 fo" Wl Expected lo 
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Higgs/Z to meson + photon 
arXiv:2301.09938 


РЙ 


Up / down | 

quark coupling Flavour violating 
down / strange 
quark coupling 


А way to probe Higgs couplings to light quarks 


Ultra rare decays: 
BR(H- wy) ~ 10°, BR(H > K*y) < 104, BR(Z + wy) ~ 10? 


How to look for them: 
Aim to reconstruct meson decays w > п*тгп° and K* + K* rc and then take the invariant 


mass of the meson-photon system 
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Higgs/Z to meson + photon 


arXiv:2301.09938 
• Strategy 


* Use a dedicated one photon + 2 tracks + calo deposit trigger 
> |solated photon pT > 35 GeV 


> Meson reconstruction using tracks, calo deposits and invariant mass 
constraints 


> Background estimation: wy and K*y candidates from data passing without 
isolation to produce templates for the mass of the wy and K*y systems 


~ 100 x SM. 

\ 
© ATLAS 82000 ATLAS | \ 
ч е гома ка Сһаппе1 95% CL upper limit | 
a + Data Е 1600 $ Data / 
5 EEE Background Fi +10 ü ШШ Васила Раз Expected Observed / 
ш ШЫ Background А 1400 \ m Т 

| absense 0 D eee icon H> «у [107%] 30% ыз 
p 7 107] 5723 38 
— wy | ] IT Sy 
Н э K*y [10°] 12.2443 8.9 à 
g^ | 
г г | -17xSMand-1000x - 
8 E == better wrt previous limit 
тлу [GeV] 
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Higgs/Z to meson + photon 


« Summary plot for all results so far from ATLAS 


ATL-PHYS-PUB-2023-004 


Н>К*у 


т 7-0 as 
ATLAS Preliminary | РЕ в ATLAS Preliminary 2 
Vs = 13 TeV Vs = 13 TeV 32.3 fb” 
RO Zpy В ЈНЕР 07 (2018) 127 
H—py ШШ Expected + 1c ; E 356 fb" 
998 Expected + 26 ; Z9y A 


- JHEP 07 (2018) 127 
H 35.6 fb: 

Hoy o Observed { JHEP 07 (2018) 127 Z3J/ 139 fb” 

uus SM + 1с : FPEM 


arXiv:2208.03122 


NRA 
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arXiv:2208.03122 


How(2S)y 


7 5ү(18 
HoY(1Sy ы 
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o Observed 
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arXiv:2208.03122 


H->Y(2S)y Z>Y(2S)y 


arXiv:2208.03122 


H->Y(3S)y ZY (3S)y 


arXiv:2208.03122 
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Conclusions 


* Rare (even not-so-rare) or exotic Higgs boson decays are 
still compatible with Higgs measurements 


* These searches push the limits of our understanding of 
physics beyond the Standard Model 


e And they provide an opportunity to discover new physics 
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Additional slides 
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Lepton-flavour violating Higgs decays 


Table 4: Observed (expected) 95% CL upper limits, best fit, and local significance in unit of 


standard deviation (с) of c(pp — X(146) — ey) for each individual analysis category and for 
the combination of all analysis categories. 


se arc h Category ggH cat0 ggHcatl ggHcat2 ggHcat3 VBFcatO VBFcat1 Combined 

Observed limit (fb) « 7.57 « 4.56 « 11.68 < 53.25 «1260 < 22.11 < 5.77 

Expected limit (fb) < 3.62 < 3.51 < 5.96 < 34.01 < 6.53 < 12.52 < 2.05 

Best fit (fb) 4175 12972 65014) 23.1311% 5.341331 BET 3821116 

Local significance (с) 23 0.7 22 1.4 2.1 15 3.8 
, CMS Prelimina imn (етем) CMS Prelimina 138 71 (13 TeV) 
© 1o ы coe mm OCD шш EWWIZ, W+Jets, SM Higgs 3 Lens wd act Sommes 

шш Diboson ШШШ DY+Jets Cross Sec. Ф Stat. Unc. 200807 рван $ 

х me tets > Data + Tras) wen are 2 = d T o касы s ш eiiim | 
2 > 
c ш 
Ф 1 
ш 


t } 

Н i + + 1 4 " 
107 | АНН + M MR ACA OS 
107 10° 105 10^ 10? YY MY бин } 

|Ү | 90 0.2 04 0.6 08 1.0 
eu VBF BDT discriminant 100 110 120 130 140 150 es [GeV]. 
ен 


и (Yeu |2 + Yue |2) < 1.9 (2.0) x 10% at 95% CL 
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Lepton-flavour violating Higgs decays 


Latest ATLAS search dedicated to Н – ер: HIGG-2018-58 
BR(H—eu) < 6.2 (5.8)x10 ? at 95% CL 


С (s = 13 TeV, 139 fb” 

8 * Data 

: өү d 
e JEN, ++ 

а 20 UP rH P 
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Lepton-flavour violating Higgs decays 
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Dark photons in Higgs decays 


e Variables used In the BDT 


es - — > ООО 
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(2ү,үү) VVV+VV © - 1 ү 
© 10° ís = 13 TeV, 139 fb: 1 0 v — А single t T 10° їз = = 13 TeV, 139 6 ? в“ N 10° ís 18 TY; 199 8 - ah 
г Hes 27-05 > Z(ee)+y SR HGY. 30) à Z(ee)+y SR “ZH(yy,40) «e ZH(yy, 30) 
A Z(ee)+y SR + ZH(yy440) ven ZH(YY, 30) = Y ао = ч+®2Н(үү,20) ++ ZH(y, 10) 
5 *eZH(y, 20) + НИТ 10) © а нї, 0 ) 9 вен) es ZH, 0) 
> "ө ZHY 1) sss 2Н(үү; 0) > 10 Ё "27Н(үү,0) Кт 10? 
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Н аа — uubb and ttbb 


e Categories in ttbb 


Table 7: Event categories for the ttbb channel. The values correspond to the transformed 
DNN score used to define the signal (SRn) and control (CR) regions. 


Exactly one b-tagged jet At least two b-tagged jets 
50 SG | CR | SRI 


ен 2018 | > 099 | Е [0.95,0.99] | є [0.85,0.95] | < 0.85 | > 0.98 | Е [094,0.98 | < 0.94 
ен 2017 | > 0.985 | є [0.95,0.985] | є [0.85,0.95] | <0.85 | >0.97 | €[093,097] | <0.93 
eu 2016 | >0.99 | є [0.95,0.99] | Е [0.85,0.95] | «0.85 | > 0.98 | є [0.94,0.98] | < 0.94 


One b-tagged jet Two b-tagged jet 
ER se [| жю LR | | se [| ск 
0 


SRI SR2 
ет, 2018 | > 0.97 | є [0.945,0.97| | € [0.90,0.945] | < 0.90 | > 0.96 NA < 0.96 
et, 2017 | > 0.985 | € [0.965,0.985] | € [0.93,0.965] | < 0.93 | > 0.985 МА < 0.985 
ет, 2016 | > 0.985 | Е [0.965,0.985] | € [0.93,0.965] | < 0.93 | > 0.96 МА < 0.96 
5 


SR2 
ut, 2018 | > 0.98 | є [0.95,0.98] | € [0.90,0.95] | <0.90 | >0.99 | Е [096,0.99] | <0.96 
ит, 2017 | > 0.97 | Е [0.94,0.97] | є [0.90,0.94] | <090 | >0.98 | Е [0.94,0.98] | < 0.94 
ut, 2016 | > 0.97 | Е [0.94,0.97] | Е [0.89,0.94] | < 0.89 | >0.97 | Е [0.93,0.97} | <0.93 


